Methanosarcina barken is a methanogenic bacterium which can grow on various one-carbon compounds such as CO2. methylamines, and methanol and on acetate (5) . Growth on methanol can occur in the absence and presence of H2; in the latter case, the growth medium must be supplemented with acetate to ensure growth (9) .
The reduction of methanol to methane occurs via methylcoenzyme M (CH3-S-CoM), the substrate for the final step in methanogenesis in all methanogens studied so far (5) . Synthesis of CH3-S-CoM from methanol and coenzyme M (2-mercaptoethanesulfonic acid; HS-CoM) is catalyzed by the concerted action of two methyltransferases. First, methanol:5-hydroxybenzimidazolylcobamide (B12-HBI) methyltransferase (MT1) binds the methyl group of the substrate to its corrinoid prosthetic group (14) . Next, the methyl group is transferred to HS-CoM by Co-methyl-5-hydroxybenzimidazolyl-cobamide:HS-CoM methyltransferase (MT2) (12) .
MT1 is catalytically active only when the central cobalt atom of its corrinoid prosthetic group is present in the highly reduced Co(I) state (B12-HBIJ) (15) . However, upon manipulation of MT1 and even during catalysis in a resolved system, the enzyme becomes inactivated as the result of B12-HBI, oxidation. Reactivation is possible and requires a reducing system (H2, hydrogenase, ferredoxin) and ATP (13, 15) .
Here, evidence is presented that the methyl group transfer of methanol to HS-CoM is dependent on one more protein fraction. The function of the protein is discussed in relation to the reductive activation of MT1 and the name methyltransferase activation protein (MAP) is suggested.
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MATERIALS AND METHODS
Culture methods and preparation of cell extract. Cells of M. barken MS (DSM 800) were cultured in a 300-liter fermentor in a mineral medium with methanol as a substrate as described before (4) . Cells were harvested anaerobically at the end of the exponential phase and stored at -70°C under N2.
Cell extract was prepared by suspension of wet cells (1:1 [wt/vol]) in 50 mM N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid buffer (pH 7.0) containing 15 mM MgCl2, 1 mM dithiothreitol, RNase (10 ,ug ml-'), and DNase (10 ,ug ml-1) followed by passage Ferredoxin-dependent activity was determined by measuring the ferredoxin-dependent reduction of dithiodiethanesulfonic acid to its monomers in the presence of H2, hydrogenase, and aquocobalamin as described before (15) . MT2/ hydrogenase fraction was used as a source of hydrogenase.
MAP activity of column fractions was tested as described for the overall methyltransferase assay, except that 70 AI of fraction was used as a source of MAP.
Fractionation of cell extract. Several enzymes involved in transfer of the methyl group of methanol to HS-CoM are oxygen labile (14, 15) . Therefore, all handlings were performed in an anaerobic glove box (97.5% N2-2.5% H2). Cell extract (10 ml; 260 mg of protein) was centrifuged for 15 min at 16 ,000 x g (Eppendorf). The supernatant was applied to a DEAE-Sepharose-Cl-6B column (12 by 2.8 cm) equilibrated with 50 mM N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid buffer (pH 7.0) containing 15 mM MgCl2 and 1 mM dithiothreitol (buffer A). Elution with 100 ml of buffer A yielded a pass-through fraction. Bound proteins and cofactors were eluted with a 400-ml linear gradient of 0 to 0.6 M NH4Cl in buffer A. Finally, the column was washed with 50 ml of 0.6 M NH4CI in buffer A. The eluate was monitored at 280 nm, and 5-ml fractions were collected at a flow rate of 1 ml min-.
Fractions eluting between 0.20 and 0.22 M NH4Cl yielded the MT2 fraction, which also contained hydrogenase activity. Fractions eluting between 0.25 and 0.34 M NH4C1 contained MAP activity. MT1 was present in fractions eluting between 0.39 and 0.42 M NH4CI. Ferredoxin was obtained between 0.50 and 0.56 M NH4CI. Since NH4C1 is an inhibitor of the methanol conversion in a resolved system (14) , MT2/hydrogenase, MT1, and ferredoxin fractions were washed by ultrafiltration (Amicon YM-10, PM-30, and YM-3 filters, respectively) with buffer A and concentrated to a final volume of 3 ml. Fractions containing MAP were washed by ultrafiltration (Amicon PM-30 filter) with buffer A and concentrated to a final volume of 6 ml. Ethylene glycol was added as a stabilizing agent to the MT1, MAP, and ferredoxin fractions in concentrations of 10, 10, and 20% (vol/ vol), respectively. 16 ,000 x g) and resuspended in an equal volume of 80% ethanol, whereupon the extraction and centrifugation were repeated. The supernatants obtained were combined and dried in vacuo at 500C.
The residue was dissolved in 300 pI of distilled water, centrifuged (Eppendorf, 10 min, 16 ,000 x g), and filtered over a 0. Mass.). Gasses were supplied by Hoek-Loos (Schiedam, The Netherlands). To remove traces of oxygen, H2-containing gasses were passed over a BASF RO-20 catalyst at room temperature and nitrogen was passed over a prereduced BASF R3-11 catalyst at 1500C. The catalysts were a gift of BASF Aktiengesellschaft (Ludwigshafen, Germany).
RESULTS
Reconstitution of the methyltransferase system. After fractionation of cell extract of M. barkeri on DEAE-Sepharose, MT2, MT1, and ferredoxin were completely separated (Fig.  1) . The MT2 fraction also contained hydrogenase activity capable of reducing both coenzyme F420 and benzylviologen. Therefore, this fraction was also used as a source of hydrogenase and called MT2/hydrogenase fraction. When methanol conversion was determined in the presence of the MT2/hydrogenase, MT1, and ferredoxin fractions, no decrease in HS-CoM concentration was detected (Fig. 2) . This indicated that a component involved in methyl transfer of methanol to HS-CoM was missing. Indeed, methanol conversion in the presence of the above-mentioned components required an additional fraction that was eluted between 0.25 and 0.34 M NH4Cl, notably between MT2/hydrogenase and MT1 (Fig. 1) . Addition of this fraction, after washing and concentration on a PM-30 ultrafiltration membrane, restored CH3-S-CoM synthesis from methanol in the presence of MT2/hydrogenase, MT1, and ferredoxin (Fig. 2) . The same results were obtained when the reactions were monitored by measuring the decrease in methanol (data not shown). The methanol decrease paralleled the decrease in HS-CoM, which was in agreement with a 1:1 stoichiometry of methanol and HS-CoM conversion as already established by Shapiro and Wolfe (11) . In the absence of methanol, no detectable HS-CoM conversion occurred.
The finding that activity of the fraction eluting between 0.25 and 0.34 M NH4Cl was retained by a PM-30 filter (nominal molecular weight cutoff of 30,000) indicated that the activity was derived from a protein(s). In agreement with this, activity was destroyed by heating at 100'C for 5 min. In view of the results described below, the pertinent protein will be designated methyltransferase activation protein (MAP). It should be noted that the MAP fraction obtained after DEAE-Sepharose separation was not pure and that polyacrylamide gel electrophoresis revealed the presence of several protein bands (data not shown).
MAP fraction alone was not capable of methanol-dependent HS-CoM conversion to CH3-S-CoM (Fig. 2) . Neither did the reaction proceed in the absence of either MT2/ hydrogenase or MT1 (Fig. 2) . Ferredoxin was not strictly required, though its presence stimulated the initial reaction rate about twofold (Fig. 2) .
Role of MAP and ATP in the methyltransferase reaction. When methyl group transfer of methanol to HS-CoM in the presence of MT2/hydrogenase, MT1, and ferredoxin was monitored with various amounts of MAP, it appeared that the latter primarily affected the onset of the reaction (Fig. 3) . Increasing amounts of MAP resulted in a decrease of the lag phase. Once the reaction had started, maximum velocities were not substantially affected by the varied amounts of MAP applied. When MAP fraction was present in sufficient amounts (50 Al), the reaction started immediately. Exposure of MAP to air for increasing periods of time and subsequent removal of air resulted in the increase of the lag phase of the methyltransferase reaction. No activity was recovered after a 24-h air exposure of MAP (data not shown). This indicated that MAP is an oxygen-labile protein.
Methyl group transfer of methanol to HS-CoM is strictly dependent on ATP (13) . Addition of various amounts of ATP had a dual effect on the methyltransferase reaction (Fig. 4) . Increasing amounts of ATP led to a decrease of the lag phase and an increase in the reaction rate. With 200 nmol of ATP, the reaction rate was maximal and a lag phase was absent. However, essentially the same results were obtained with a 10-fold-lower amount of ATP. Since 2 ptmol of HS-CoM had been converted at the end of the reaction, ATP is clearly Effect of various amounts of MAP on methyl group transfer of methanol to HS-CoM. Reactions were performed as described for Fig. 2 , except that the amount of MAP was varied; none (I), 5 pl (-), 10 p.l (.0-), 15 .l (-A), 25 p.l (-V-), or 50 p.l (-). required only in catalytic amounts and one molecule of ATP is sufficient to drive 10 to 100 catalytic cycles. The latter value may even be underestimated, since the MT2/hydrogenase fraction contained some ATP-hydrolyzing activity, which may have nonspecifically consumed part of the ATP.
CH3-S-CoM synthesis from methanol proceeds by binding of the methyl group to the corrinoid prosthetic group of MT1, followed by the MT2-catalyzed methyl group transfer to HS-CoM (12) . In order to study the effect of MAP and ATP on the first reaction, methanol was incubated with various protein fractions and ATP in the absence of HS-CoM. Corrinoid analysis by HPLC showed that B12-HBI was almost exclusively extracted as its methyl derivative (Fig.  SA) . No methyl-B12-HBI was formed when either ATP or MAP was omitted ( Fig. SB and C) . Remarkably, methyl-B12-HBI was also produced when methanol was not further added (Fig. SD) the apparent reaction rate of methyl group transfer. Using the better resolution properties of DEAE-Sepharose-Cl-6B, we found that one more oxygen-sensitive protein, termed MAP, was needed for methyl group transfer of methanol to HS-CoM. In fact, van der Meijden et al. (14) may also have encountered the protein in their studies. They found that the HS-CoM CH30H-
DISCUSSION
In M. barkeri, CH3-S-CoM synthesis from methanol and HS-CoM proceeds by the participation of MT1, which contains the corrinoid B12-HBI as the catalytic center, and MT2 (12, 14) (Fig. 6) When present in increasing amounts, MAP caused the decrease of the lag phase in the onset of the reaction. Moreover, MAP was necessary for the formation of methyl-B12-HBI. These results suggest that MAP is involved in some initial event in the process, the conversion of inactive MT1 into a catalytic-competent enzyme. Activation of MT1 must imply a reduction of Co(III) and Co(II) to Co(I). In free corrinoids, the Co(II)-to-Co(I) reduction shows a midpoint potential as low as -640 mV (7) . With H2 (-414 mV) as reductant, the equilibrium level of B12-HBI, is extremely low and MT1 apparently remains inactive. With respect to the role of MAP and of ATP, two modes of action may then be envisaged. (i) Coupled to ATP hydrolysis, the reduction potential of electrons derived from H2 oxidation is driven to a level which permits Co(II)-to-Co(I) reduction. Here, the role of ATP and MAP might resemble the one in the nitrogenase reaction (3, 8) .
(ii) By the action of ATP and MAP, MT1 or its corrinoid prosthetic group is modified in such a way that reduction of Co(II) to Co(I) by hydrogenase becomes feasible. In both mechanisms, B12-HBI. may be trapped as methyl-B12-HBI by methanol present in the assay. Future investigations with the purified MAP protein must decide which mechanism will hold.
